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Introduction

Pre-eclampsia occurs in 3-5% of pregnancies and is a major
cause of maternal mortality and a leading cause of iatrogenic
preterm birth and fetal growth restriction. Women are at
increased risk during their first conception [1] and/or when
conception is with a new partner [2,3], when conception
occurs very shortly after the beginning of their sexual rela-
tionship [4] and when conception occurs after donated
embryo transfer [5]. These epidemiological findings suggest
that a soluble human leucocyte antigen (HLA) class I mol-
ecule in the seminal plasma induces specific tolerance
against HLA class I molecules of the male partner, and when
this tolerance is not induced enough they become pre-
eclamptic [6]. This is supported by the fact that soluble HLA
class I molecules can induce specific tolerance via the induc-
tion of apoptosis in alloreactive T cells [7]. It is well known
that continuous oral exposure to antigens can induce toler-
ance [8]. Indeed, Koelman et al. reported that oral sex and
swallowing sperm is associated with a low incidence of pre-

eclampsia [6].
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Summary

CD4" CD25"%#" regulatory T (T.) cells have been identified as a principle
regulator of tolerance during pregnancy. In the setting of pre-eclampsia,
however, little is known about the dynamics of these cells. In the current
study, we determined CD4* CD25"¢" T, cells in the peripheral blood using
flow cytometry and forkhead box P3 (FoxP3*) cells at the placental bed
using immunohistochemical staining. Peripheral blood mononuclear cells
(PBMC) of 38 pre-eclamptic cases (17 cases Japanese, 21 cases Polish), 40
normal late pregnancy subjects (20 subjects Japanese, 20 subjects Polish),
and 21 non-pregnant healthy controls (10 subjects Japanese, 11 subjects
Polish) were included. We found the percentage of CD25"" cells within the
CD4" T cell population in PBMC was reduced significantly in both Japanese
and Polish pre-eclamptic cases than in normal pregnancy subjects
(P <0-001) and non-pregnant healthy controls (P < 0-001). Also, the per-
centage of FoxP3* cells within CD3* T cells in the placental bed biopsy
samples of pre-eclamptic cases were decreased compared to those in normal
pregnancy subjects. These findings suggest that a decreased number of Ty,
cells was present in pre-eclampsia, and these changes might break the mater-
nal tolerance to the fetus.

Keywords: placental bed biopsy, pre-eclampsia, pregnancy, regulatory T cells,
tolerance

These findings support the hypothesis that the immune
maladaptation is present in pre-eclampsia. Indeed, the fetus
is detected by the maternal immune system, but it is well
known that maternal T cells acquire a transient state of tol-
erance of specific paternal alloantigens by deletion of cells
expressing receptors with fetal antigens [9,10] and the sup-
pression of reactive cells by regulatory T (T,) cells [11].
Because of these observations, it has been proposed recently
that CD4* CD25" T, cells play a critical role in maternal
tolerance in mice and human [11-13].

In the setting of pre-eclampsia, little is known about the
dynamics of CD4" CD25" T, cells. Recent data show that
CD4" CD25" T, cells express Toll-like receptors (TLR)-4, -5,
-7 and -8 [14], that the Toll pathway blocks the suppressive
effect of CD4* CD25" T, cells by interleukin (IL)-6 produc-
tion [15] and persistent TLR-4 and -8 signals are required to
reverse CD4* CD25" T,,-mediated tolerance in cancer and
other diseases [16,17].

Interestingly, an excessive maternal inflammatory
response in pre-eclampsia has been reported, and Redman
et al. proposed that systemic inflammatory responses during
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Table 1 Characteristics of subjects.

Pre-eclampsia

Normal pregnant Non-pregnant

JPN POL JPN POL JPN POL
(n=17) (n=21) (n=18) (n=20) (n=10) (n=11)

Age (years) 32 (28-34) 28 (21-40) 31 (22-41) 27 (24-32) 32 (25-37) 28 (24-36)
Gestational age (weeks) 31 (27-34) 33 (27-35) 30 (23-38) 33.5 (29-38) -
Para

Primipara 15/17 (88%) 14/21 (67%) 13/18 (72%) 13/20 (65%) -

Multipara 2/17 (12%) 7/21 (33%) 5/18 (28%) 7120 (35%) -
Blood pressure (mmHg)

Systolic 170 (160-184) 170 (160-190) 99 (96-110) 120 (110-125) 102 (88-130) 115 (110-120)

Diastolic 108 (95-110) 110 (100-120) 64 (50-72) 75 (70-85) 70 (51-80) 75 (70-80)

Data were shown as median (range).

pregnancy might be a major cause of pre-eclampsia [18].
Many supportive data have been reported [19,20], and
inflammation could activate the TLR systems. Indeed, Kim
et al. reported that TLR-4 expression on interstitial extravil-
lous trophoblast (EVT) was enhanced in pre-eclampsia [21].
This chronic inflammation might impair the immunosup-
pressive effect of CD4" CD25" T cells through the TLR
pathway in pre-eclampsia.

In humans, CD4* CD25"" T, cells in CD4" CD25" cells
are the only cells that exhibit a regulatory function [22].
Here, we examined the population of peripheral blood
CD4* CD25™" T, cells using flow cytometry in Japanese
and Polish pre-eclamptic cases. Forkhead box P3 (FoxP3) is
the most reliable marker to detect CD4* CD25" T, cells [23],
and we could not distinguish CD25"%" cells from CD25%™
cells by immunohistochemical staining; therefore, we exam-
ined the localization of FoxP3* T, cells at the placental bed
using immunohistochemical staining.

Materials and methods

Subjects

This study was approved by the University of Toyama Insti-
tutional Review Board.

The 38 women with pre-eclampsia for study had gesta-
tional onset of hypertension (diastolic pressure exceeding
90 mmHg or systolic pressure 140 mmHg) together with
new proteinuria >300 mg/24 h. Seventeen pre-eclamptic
cases were Japanese and 21 were Polish. None of these
patients was complicated by clinical chorioamnionitis or any
infectious disorder. These patients were matched individu-
ally with 40 normal pregnant women (20 Japanese; 20
Polish) of similar age, gestational age and parity (Table 1).
Twenty-one age-matched non-pregnant healthy women
were selected as controls. Informed consent was obtained
from all subjects and patients.

Flow cytometric analysis

Heparinized peripheral venous blood was obtained from
normal pregnant women, pre-eclamptic patients and healthy

control women. Peripheral blood mononuclear cells
(PBMCs) were obtained using a standard Ficoll-Hypaque
method. Cells were stained with fluorescein isothiocyanate
(FITC)-labelled anti-CD4 monoclonal antibody (MoADb)
(Becton Dickinson, San Jose, CA, USA) and phycoerythrin
(PE)-labelled anti-CD25 MoAb (Becton Dickinson). In
some cases, the cells were stained with FITC-labelled anti-
FoxP3 MoAD (e Bioscience, San Diego, CA, USA), allophy-
cocyanin (APC)-labelled anti-CD25 MoAb (e Bioscience)
and PE-labelled anti CD4 MoAb using a FITC anti-human
FoxP3 staining set (e Bioscience). Flow cytometry was per-
formed on a fluorescence activated cell sorter (FACScan)
instrument (Becton Dickinson) as described previously [12].

Immunohistochemistry

Placental bed biopsies were obtained from women undergo-
ing elective caesarean section. After delivery, the position of
the placenta was determined and two or three placental bed
biopsies were taken under direct vision using biopsy forceps.
Placental bed biopsies were included in this study if they
contained decidua with interstitial EVT.

Five-micron sections from formalin-fixed, paraffin-
enbedded placental bed biopsy samples (nine Japanese
samples; pre-eclampsia, 12 Japanese samples; normal preg-
nancy subjects) were deparaffinized in xylene and rehydrated
in graded alcohols, followed by antigen retrieval by boiling in
citrate buffer at 121°C for 15 min in an autoclave. After the
quenching of endogenous peroxidase activity by treating
with 3% H,O, for 5 min, these sections were rinsed with
phosphate-buffered saline and incubated with 5% bovine
serum albumin for 5 min. Goat polyclonal anti-FoxP3 anti-
body (10 pg/ml; Abcam Ltd, Cambridge, UK), mouse mono-
clonal anti-human CD3 antibody (5 ug/ml; Novocastra,
Newcastle upon Tyne, UK) or mouse monoclonal anti-
human CD8 antibody (5 pg/ml; Dako, Tokyo, Japan) were
applied to the specimens in a plastic moist chamber for
15 min under intermittent microwave irradiation (M1-77,
Azumaya, Tokyo, Japan; 250 W, 4 s on/3 s off) followed by
incubation at 4°C overnight. After washing with Tris-
buffered saline (TBS) for 5 min, peroxidase-conjugated
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immune polymer reagents for goat polyclonal antibody or
mouse monoclonal antibody (Simple Fine Stain for goat or
mouse, Nichirei Co., Japan) were hybridized as the second
antibody for 1 h at room temperature. After washing with
TBS, the sections were developed with 3-3” diaminobenzi-
dine (Nichirei Co.), and counterstained with haemotoxylin.
We counted the numbers of CD3" cells, CD8" cells and
FoxP3" cells in five high-power fields (HPFs). Data were
showed as average per HPF. CD4" cell numbers were deter-
mined as numbers of CD3" cells minus numbers of CD8*
cells, because we could not obtain commercially available
antibody to detect CD4 in formalin-fixed sections.

Statistical analysis

Data were presented as the median and range. Differences
between pre-eclamptic patients, healthy pregnant women
and non-pregnant subjects were analysed with the Mann—
Whitney U-test. A value of P < 0-05 was considered to indi-
cate statistical significance.

Results

Proportion of CD4* CD25"" T cells in normal
pregnant subjects, pre-eclamptic cases and
non-pregnant subjects

CD4* T cells can be classified as CD4* CD25™" T cells,
CD4* CD25%" T cells and CD4* CD25 T cells by the expres-
sion pattern of CD25. A subset within the CD4* CD25&" T

© 2007 British Society for Immunology, Clinical and Experimental Immunology, 149: 139-145

cells in humans exhibit a strong regulatory function, dem-
onstrating that CD4* CD25"" T cells are T, cells [22,24].
As shown in Fig. 1 (left panel), we classified CD4* T cells
into CD4" CD25#" T cells, CD4" CD25%™ T cells and
CD4* CD25™ T cells. There were no significant differences in
populations of CD4* CD25"#"/CD4* T cells between non-
pregnant Japanese women and non-pregnant Polish women,
normal pregnant Japanese women and normal pregnant
Polish women, and pre-eclamptic Japanese cases and
pre-eclamptic Polish cases (Fig.2). The median levels of
CD4" CD25"#" T cells in CD4* T cells in the Japanese and
Polish normal pregnancy group (median 8-0%, range 4-4—
15-0%) was significantly higher (P < 0-0001) compared to
that in the Japanese and Polish non-pregnancy groups
(median 6:5%, range 4:6-7-4%). On the other hand, the
population of CD25"*#" cells in CD4* T cells in the Japanese
and Polish pre-eclamptic cases (median 3-1%, range 1-9—
7-9%) was significantly lower compared to that in the
Japanese and Polish normal pregnant subjects (P < 0-0001)
and in the Japanese and Polish non-pregnant subjects
(P <0-0001) (Fig. 2). These findings suggest that peripheral
blood T, cells increased in normal pregnancy subjects, but
decreased in pre-eclamptic cases.

It has been reported that FoxP3 is the most reliable marker
for T, cells [23]. We further evaluated that the expression of
FoxP3 in CD4* CD25™#" T cell, CD4" CD25%™ T cell and
CD4* CD25™ T cell subsets of three Japanese pre-eclampsia
cases and five Japanese normal pregnancy subjects and five
Japanese non-pregnant women using flow cytometry
(Fig. 1). The major population of FoxP3-expressing cells was
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Fig. 2. Population of CD4" CD25""/CD4* T cells in non-pregnant
subjects, normal pregnant subjects and pre-eclamptic cases in the
Japanese (O) and Polish (A) subjects. The percentage of

CD4* CD25" " cells to CD4* cells was comparable between Japanese
non-pregnant subjects and Polish non-pregnant subjects, Japanese
pre-eclamptic cases and Polish pre-eclamptic cases. The box means
median & 75% quartiles of the total of Japanese and Polish in each
group. The percentage of CD4* CD25™8" cells to CD4" cells in
pregnant women was significantly higher (P < 0-0001) than that in
non-pregnant women. This percentage in pre-eclamptic cases was
significantly lower than that in normal pregnant women (P < 0-0001)
and non-pregnant women (P < 0-0001).

CD4" CD25"" cells in pre-eclamptic cases, normal preg-
nancy subjects and non-pregnant women. The median per-
centage of FoxP3* CD4* CD25™"/CD4* CD25™" cells of
pre-eclamptic cases, normal pregnancy subjects and non-
pregnant women was 67-9%, 65-9% and 70-6%, respec-
tively. The median percentage of FoxP3* CD4*CD25%"/
CD4" CD25%™ cells of pre-eclamptic cases, normal pre-
gnant subjects and non-pregnant women was 6-6%, 6-1%
and 6-3%, respectively, and the percentages of
FoxP3* CD4" CD25/CD4" CD25 cells of pre-eclamptic
cases, normal pregnant subjects and non-pregnant women
was 0-3%, 0-3% and 0-2%, respectively.

These data suggest that the majority of CD4* CD25"" T
cells in pre-eclamptic cases, normal pregnancy subjects and
non-pregnant women are FoxP3* T, cells.

Localization of FoxP3* cells at the placental bed in
pre-eclampsia

The numbers of CD3* T cells at placental bed biopsy samples
were similar between pre-eclamptic cases and normal preg-
nancy subjects (Fig. 3b,f), suggesting that the total T cell
numbers did not change in pre-eclampsia at the placental
bed (Fig.4a). On the other hand, the ratio of CD8" T/
CD3*T cells in pre-eclampsia was significantly higher
(P=0-023) than those in normal pregnancy subjects
(Fig. 4¢), suggesting that cytotoxic T cells increased at the
decidua basalis in pre-eclampsia. We examined the immun-
ostaining for FoxP3 to detect CD4* CD25"&" T, cells,

because FoxP3 is the most reliable marker for CD4" CD25*
T cells [23]. Indeed, our flow cytometric analysis showed
that 685 *= 5-1% [mean = standard deviation (s.d.), n=13]
of FoxP3" cells were CD4* CD25"" cells, suggesting that the
majority of FoxP3* cells are CD4* CD25™#" T cells. We have
reported previously that the majority of FoxP3* cells are
CD3* CD8°CD25™#" T cells using two-colour immunofluo-
rescent staining [24]. FoxP3* cells in the placental bed of
pre-eclamptic cases (Fig. 3g) were fewer compared to those
in normal pregnancy subjects (Fig. 3c). Interestingly, the
median level of FoxP3"/CD4* T (number of CD3" T minus
number of CD8* T) cells in pre-eclampsia (0-9%) was sig-
nificantly lower (P=0-0046) compared to that in normal
pregnancy subjects (3-0%), suggesting that T., cells
decreased at the placental bed in pre-eclampsia (Fig. 4b).

Discussion

Epidemiological studies suggest that the maladaption of
maternal tolerance is present in pre-eclamptic cases [2-6].
We and other groups have reported that T helper 1 (Thl)-
type immunity, which induces rejection, is predominant in
pre-eclampsia, supporting this hypothesis [25-31]. Recent
studies have demonstrated that CD4* CD25™#" T cells play a
central role in the induction and maintenance of tolerance
[32], and CD4* CD25" T\, cells are essential for the mainte-
nance of allogeneic pregnancy in mice [11,13].

This study showed that the population of peripheral blood
CD4" CD25"&" T cells was high in the late pregnancy period
of normal pregnancy subjects. Somerset et al. also reported
an increase in circulating CD4* CD25" T, cells during early
pregnancy, peaking during the second trimester and then
declining postpartum [33].

Our interesting finding was that peripheral blood
CD4" CD25"" FoxP3* T, cells decreased in pre-eclamptic
cases. Furthermore, FoxP3" cells from placental bed biopsy
decreased in pre-eclampsia, suggesting that both peripheral
blood and decidual T, cells decreased in pre-eclampsia.

Very recently, Paeschke et al. reported conflicting data
[34]; they could not find a significant difference in the level
of the CD4* CD25"*" T cell in pre-eclampsia. They mea-
sured the surface antigens CD4 and CD25 in peripheral
blood from patients suffering from pre-eclampsia (n=238)
and age-matched patients undergoing normal pregnancies
(n=9) by flow cytometry. They used frozen stocked periph-
eral blood mononuclear cells and examined the surface
markers on these cells.

In this study, we used fresh peripheral blood mononuclear
cells and analysed the surface markers on fresh cells. The
sample number of pre-eclamptic cases was smaller in Pae-
schke’s report compared to those in our study.

In our study, the median levels of systolic blood pressure
and diastolic blood pressure in pre-eclamptic cases were
170 mmHg and 110 mmHg, respectively, suggesting that
the majority of these cases were the severe type. We did not
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Fig. 3. Haematoxylin and eosin staining of
placental bed biopsy samples in a normal
pregnancy subject (a) and a pre-eclamptic T
case (e). Immunohistochemical staining of CD3 )
(b,f), forkhead box P3 (FoxP3) (c,g) and S
cytokeratin (d,h) on formalin-fixed A
paraffin-embedded placental biopsy samples in

a normal pregnancy subject (b,c,d) and a e
pre-eclamptic case (f,g,h). Red arrows in (c) .
and (g) show FoxP3-stained cells, and FoxP3*
cells in the high-power field are shown at the
upper right.

know the clinical characteristics in Paeschke’s paper
because they did not show these data. Mild-type pre-
eclamptic cases might have been the major population in
their study, and CD4* CD25"" T cells might not decrease
in mild-type pre-eclampsia. Furthermore, Paeschke et al.
did not show the proportion of CD4" CD25"#" cells in
non-pregnant subjects, so it is unclear whether or not
CD4* CD25"" T cells increased in normal pregnancy sub-
jects. In this study, we confirmed that the majority of
CD4* CD25™" T cells expressed the specific marker for
T, FoxP3, and that peripheral blood CD4* CD25™" T
cells decreased in both Japanese and Polish pre-eclamptic
cases. Furthermore, immunohistochemical staining showed
that FoxP3* T, cells at the placental bed decreased in pre-
eclamptic cases. Our findings suggest that T., cells
decreased systematically in pre-eclampsia. We have not
obtained direct proof as to why T, cells decrease in pre-
eclampsia. Matarese ef al. reported that leptin production

was increased significantly in both the serum and cere-
brospinal fluid of multiple sclerosis patients and correlated
with the Thl-type cytokine, interferon (IFN)-v [35]. Inter-
estingly, they reported an inverse correlation between
serum leptin and the percentage of circulating Ty, cells
[35]. It is well known that serum leptin increases in pre-
eclampsia [36,37], so increased leptin might reduce the
population of Ty, cells. CD4" CD25" T, cells express CD95
(Fas) on their surface, and freshly isolated CD4* CD25" T,
cells are highly sensitive towards CD95"-mediated apoptosis
[38]. The rapid elimination of CD4* CD25"" T, cells by
CD95 ligand might be present in pre-eclampsia.

In pre-eclamptic patients, chronic inflammation is
reported [18-21] and a persistent TLR signal could reverse
the CD4* CD25"" T,, cell-mediated immunosuppres-
sion [16,17]. We need to study the expression of TLRs on
FoxP3* T, cells by two-colour immunohistochemical
staining to strengthen our data in the near future. Our data
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Fig. 4. The numbers of CD3"* T cells (a), the population of forkhead
box P3/CD4 (b) and the population of CD8/CD3 (c) at the placental
bed biopsy of pre-eclamptic cases (@) and normal pregnant subjects
(O). The box shows median * 75% quartiles. CD4" cell numbers
were determined as numbers of CD3" cells minus numbers of CD8*
cells.

showed that the number of CD4" CD25™" T, cells was
suppressed systemically in pre-eclamsia. Inflammation at
the decidua might impair the immunoregulatory function
of CD4" CD25"" T, cells. Regulatory T cells suppress sys-
temic and mucosal activation to control inflammation
[39,40], therefore decreased CD4" CD25"*" T, cells might

augment the systemic inflammation in pre-eclampsia, so
inflammation may be trapped within a vicious circle.

These maternal immunological changes might reverse
maternal tolerance, resulting in fetal rejection. The accumu-
lation of CD8"* T cells at the placental bed in pre-eclampsia in
our study supports this idea. It should be clarified whether
reduced T, cells are the cause or result in pre-ecalmpsia.
Further studies are needed to clarify these points.
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